Abstract Study of the deep structure of conjugate passive continental margins combined with detailed plate kinematic reconstructions can provide constraints on the mechanisms of rifting and formation of initial oceanic crust. In this study the central Atlantic conjugate margins are compared based on compilation of wide-angle seismic profiles from NW Africa Nova Scotian and U.S. passive margins. The patterns of volcanism, crustal thickness, geometry, and seismic velocities in the transition zone suggest symmetric rifting followed by asymmetric oceanic crustal accretion. Conjugate profiles in the southern central Atlantic image differences in the continental crustal thickness. While profiles on the eastern U.S. margin are characterized by thick layers of magmatic underplating, no such underplate was imaged along the African continental margin. In the north, two wide-angle seismic profiles acquired in exactly conjugate positions show that the crustal geometry of the unthinned continental crust and the necking zone are nearly symmetric. A region including seismic velocities too high to be explained by either continental or oceanic crust is imaged along the Canadian side, corresponding on the African side to an oceanic crust with slightly elevated velocities. These might result from asymmetric spreading creating seafloor by faulting the existing lithosphere on the Canadian side and the emplacement of magmatic oceanic crust including pockets of serpentinite on the Moroccan margin. After isochron M25, a large-scale plate reorganization might then have led to an increase in spreading velocity and the production of thin magmatic crust on both sides.
Introduction
The structure of conjugate passive margins provides information about rifting styles, the initial phases of the opening of an ocean, and the formation of its associated sedimentary basins. Deep seismic surveys acquiring reflection and wide-angle seismic data together with gravity and magnetic data allow scientists to image the deep crustal structure as well as sedimentary geometries along passive margins from unthinned continental crust out to normal oceanic crust. The study of conjugate margin pairs enables us to test recent rifting models, including those proposing low-angle detachments allowing mantle exhumation during continental breakup following an initial phase of symmetric stretching [Whitmarsh et al., 2001; Manatschal, 2004; Péron-Pinvidic and Manatschal, 2008] . These models predict the delayed establishment of oceanic spreading and a phase of accretion of unusually thin oceanic crust. However, most of these models are based on the comparison of the West Iberian and Newfoundland conjugate margin pair, and only few studies have addressed other magma-poor margin pairs. In contrast, South Atlantic margins are interpreted to be composed of wide regions of thin upper continental crust that were underlain by hot asthenosphere at the time of rifting and therefore lack lower crust and mantle lithosphere [Huismans and Beaumont, 2011] . Here no continental upper mantle is interpreted to be exhumed at the seafloor, and thin layers of magmatic underplate have been interpreted from velocity models [Contrucci et al., 2004a; Moulin et al., 2010; Evain et al., 2015; Klingelhoefer et al., 2015] . Accretion of normal oceanic crust sets in soon after breakup. However, during this initial phase of opening and at very slow spreading rates and accordingly low mantle temperatures, most of the material available may originate from the upper mantle. These circumstances can lead to the accretion of BIARI ET AL.
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a proto-oceanic crust including basaltic flows on top of a layer of serpentinized upper mantle material. At a later stage when spreading rates increase, thin and irregular igneous oceanic crust can be accreted [Lau et al., 2006; Shillington et al., 2006; Van Avendonk et al., 2006; Dean et al., 2015; Klingelhoefer et al., 2015] . This phase can last up to~15 Myr with mid-ocean ridge basalt-type magmatic activity alternated with tectonic spreading phases [Jagoutz et al., 2007] .
These two different types of margins have been proposed to be end-members of magma-poor rifts, where in the first type depth-dependent extension results in crustal-necking before mantle-lithosphere breakup, and in the second type, decoupling between the upper and lower lithosphere leads to depth-dependent extension and can include flow of lower crust Huismans and Beaumont, 2011; Aslanian and Moulin, 2012] .
In this study existing wide-angle seismic transects from the central Atlantic passive continental margins are revisited, and regions of exhumed upper mantle, seaward dipping reflectors (SDRs), and thin oceanic crust are identified and mapped. The detailed and complete history of margin formation was interpreted in different regions, since the structure of the margin can be modified at a later stage, through volcanism, compression, or extension. Plate kinematic reconstructions allow us to reposition the major plates and tectonic blocks in their original configuration at the moment of initial breakup and early seafloor spreading. Where available, the geometry of the continental crust and the necking zone are compared on conjugate profiles to determine the degree of asymmetry of the rifting phase. This allows us to propose an opening mechanism for the northern central Atlantic Ocean including symmetric rifting and later asymmetric oceanic spreading with magmatic oceanic crust on the African and amagmatic spreading on the Canadian side. For the southern central Atlantic the existing data do not allow us to calculate the degree of symmetry of the opening. However, the fact that volcanism is distributed very asymmetrically implies that opening was probably different from the north.
Study Area: Central Atlantic Conjugate Margins
The central Atlantic Ocean that separated the northeast American and northwest African margins is bordered to the north by the Pico and Gloria fracture zones and by the 15°20 0 N and Guinea fracture zones to the south ( Figure 1 ). It is one of the oldest oceans. A protracted period of extension preceded the rifting leading to breakup of the central Atlantic Ocean. During this phase, the extension led to the formation of a series of rift basins along both margins [Withjack et al., 2012] . Seafloor spreading started around 180-200 Ma either during the Late Sinemurian (195 Ma) [Sahabi et al., 2004] or during the Middle Jurassic (175 Ma) [Klitgord and Schouten, 1986] associated to only minor intercontinental deformation and is therefore a natural laboratory to test different rifting models. While the continental margin of the eastern United States is characterized by a more volcanic rifting style including the deposition of thick layers of SDRs and volcanic underplate as imaged in reflection and wide-angle seismic data [LASE Study Group, 1986; Tréhu et al., 1989; Austin et al., 1990; Holbrook et al., 1994a Holbrook et al., , 1994b , the Nova Scotia continental margin off Eastern Canada marks a transition from a more volcanic to a magma-poor style of rifting [Funck et al., 2004; Wu et al., 2006; Louden et al., 2010] . The conjugate NW African margin appears to be largely magma poor, with no or only few SDRs and an absence of underplate layers [Roeser et al., 2002; Contrucci et al., 2004b; Klingelhoefer et al., 2009; Labails and Olivet, 2009; Jaffal et al., 2009; Biari et al., 2015; Klingelhoefer et al., 2016; Benabdellouahed et al., 2017] .
Proposed rifting models for the northern central Atlantic include asymmetric rifting leading to exhumation of serpentinized upper mantle material along a deep detachment fault as well as symmetric rifting followed by asymmetric accretion of early oceanic crust [e.g Tari and Molnar, 2005; Maillard et al., 2006] . Interpretations of reflection seismic data from the Canadian margin led to the proposition that a mix between shear extension in the crust and pure shear in the mantle lithosphere preceded opening of the ocean basin [Keen and Potter, 1995a] . Modeling of wide-angle seismic data along the same transect (SMART-1, Figure 1 ) indicates the presence of a 150 km wide zone of exhumed mantle material [Funck et al., 2004] , similar in seismic characteristics to those of the Iberian margin. On the conjugate part of the Moroccan margin, early work included the acquisition of four combined wide-angle and multichannel seismic profiles across the northern Moroccan salt basin [Contrucci et al., 2004b; Maillard et al., 2006; Jaffal et al., 2009] . Although these profiles are not exactly conjugate ( Figure 2 ) to their homologues on the Canadian side, they have been used to propose possible mechanisms of opening of the central Atlantic. Canadian side and the interpreted higher upper to lower crustal ratio on the African side have led to the proposition of asymmetric rifting and opening analogous to that proposed for the West Iberian and Newfoundland margin pair [Tari and Molnar, 2005; Maillard et al., 2006; Sibuet et al., 2012] , where the African margin acted as upper plate margin. Based on additional industrial profiles, this hypothesis was extended along the NW African margin, and the Tafelney Plateau was proposed to be a high-relief accommodation zone, leading to the Canadian margin being the upper plate margin south of the plateau Figure 1 . Overview of the central Atlantic Ocean, located between the Pico and Gloria fracture zones to the north and the 15°20 0 N, and the Guinea fracture zones to the south (thick black lines), bathymetry and topography from [Ryan et al., 2009] . Major magnetic anomalies ECMA-East Coast, WACMA-West African Coast, BSMA-Blake Spur, ABSMA-African Blake Spur, M25, and M0 are shown in red from Klitgord and Schouten [1986] , Sahabi et al. [2004] , and Labails et al. [2010] . The position of the salt (light yellow) is taken from Sahabi et al. [2004] , Davison [2005] , Tari et al. [2012] , and the location of the seismic profiles discussed in this study are shown as follows: In blue, wide-angle seismic profiles acquired during the Sismar, DAKHLA, and Mirror cruises [Contrucci et al., 2004b; Klingelhoefer et al., 2009; Biari et al., 2015] . Black dots and green profiles are the positions of sonobuoys and MCS profiles from Holik et al. [1991] . Black lines along the North American margin, represent wide-angle seismic profiles of the SMART-1, -2, and -3 [Funck et al., 2004; Wu et al., 2006; Louden et al., 2010] , LASE, EDGE-801, USGS-32, and BAa-6 [LASE Study Group, 1986; Tréhu et al., 1989; Austin et al., 1990; Holbrook et al., 1994a Holbrook et al., , 1994b Lizarralde et al., 1994; Lizarralde and Holbrook, 1997] going from north to south. [Tari and Molnar, 2005] . New data from the NW Moroccan margin off Safi acquired along a profile exactly conjugate to the SMART-1 profile led to the proposition of symmetric rifting with asymmetric spreading emplacing thin oceanic crust on the Canadian side and normal oceanic crust on the African side in this segment of the central Atlantic margin [Biari et al., 2015] .
For the southern central Atlantic, opening mechanisms include rifting accompanied by volcanism and magmatic underplating leading to the formation of a volcanic margin [LASE Study Group, 1986; Tréhu et al., 1989; Austin et al., 1990; Holbrook et al., 1994a Holbrook et al., , 1994b . Based on the existence of shallow water carbonate platforms present at the continental slope along both margins, Labails and Olivet [2009] propose that the margin opened in a symmetric manner, with thinned crust in the basin remaining a high position. An unusually hot mantle or flow of the lower crust might explain this thinning without subsidence [Labails et al., 2010] .
Plate Kinematic Reconstructions of the Central Atlantic
Magnetic anomalies marking the end of rifting and the onset of oceanic accretion together with the position of salt basins along both margins can be used to define the paleogeographic situation at the opening of the Atlantic [Klitgord and Schouten, 1986; Sahabi et al., 2004; Labails et al., 2010] . On both conjugate margins of the central Atlantic, the East Coast Magnetic Anomaly (ECMA) on the American side and the lower amplitude West African Magnetic Anomaly (WACMA or S1) on the African side were used to identify the continentocean transition zone.
The decrease in volcanic products observed toward the north along the North American margin can be correlated to a decrease in amplitude of the East Coast Magnetic Anomaly (ECMA) toward the north. The ECMA vanishes completely at about 44°N. Seaward of the ECMA, a second magnetic anomaly has been identified, called the Blake Spur Magnetic Anomaly (BSMA) [Vogt, 1973; Sheridan et al., 1982; Klitgord and Schouten, 1986] . Along the NW African margin volcanic products are much scarcer and mainly linked to the proximity of the Canary hot spot. Accordingly, the conjugate West African Coast Magnetic Anomaly (WACMA) has a relatively lower amplitude compared with the ECMA. A weak magnetic anomaly called the African Blake Spur Magnetic Anomaly (ABSMA) has been identified seaward of the WACMA and is proposed to be the conjugate to the BSMA [Labails et al., 2010] . However, it can be traced farther north than the ECMA and reaches the North African salt basin [Sahabi et al., 2004] . A basic segmentation of the two border anomalies ECMA and WACMA can be identified, with both anomalies displaying a double maximum in the southern segment and a single maximum in the north.
The distribution of evaporite basins along the two margins is symmetric and therefore provides an additional constraint for plate kinematic reconstructions [Sahabi et al., 2004; Shimeld, 2014] . On the North American margin, evaporite basins are located in Nova Scotia and Georges Bank and in the basins of the Grand Banks of Newfoundland to the north. They are dated by drilling to have formed during the Rhaetian to the Late Sinemurian [Jansa et al., 1980; Wade and MacLean, 1990] , and therefore, this region is related to the history of the Triassic salt basins of the North Atlantic [Olivet et al., 1984] .
A salt basin has been imaged in the Carolina Basin at the base of the ECMA in a very narrow evaporite band [Dillon and Popenoe, 1988] . On the African side, the distribution of evaporite basins is similar to those of the American margin: a deep salt basin is present along the Moroccan margin, comparable in size to that of Nova Scotia. However, no evaporite basin is imaged south of the Canary Islands. In the regions of DAKHLA and Laayoune, only a narrow band of evaporites is located in the Mauritania Basin, which represents the conjugate to the Carolina Basin. Farther south, evaporites were observed in the Casamance Basin, which has no conjugate in the U.S. margin as it faces the Blake Plateau (Figure 2b ).
The kinematic history of the opening of the central Atlantic has been the object of detailed studies. A detailed study of magnetic anomalies proposed a kinematic model in which they placed the WACMA anomaly as conjugate to the BSMA and included a ridge jump at the time of BSMA [Klitgord and Schouten, 1986] . On the basis of this reconstruction, an age of 175 Ma was obtained for the onset of seafloor spreading and the formation of the first oceanic crust. Based on additional information from the location of the salt basins along both margins, interpretations of seismic lines, and a new interpretation of the magnetic anomaly data, Sahabi et al. [2004] proposed a new set of reconstructions which provide a more coherent position of ECMA relative to the African conjugate Magnetic Anomaly (WACMA). Sahabi et al. [2004] conclude that both the ECMA and WACMA coincide with the limit of the salt basin and propose an age of initial opening at Sinemurian times (195 Ma) , about 20 Ma earlier than proposed by Klitgord and Schouten [1986] . In 2010, Labails et al. [2010] using the rotation poles of Sahabi et al. [2004] and additional new geophysical data proposed an alternative scenario for the Mesozoic spreading rate history of the central Atlantic Ocean with no changes to the poles themselves [Labails et al., 2010] . According to the authors, the initial spreading rate at the onset of seafloor spreading was very slow (0.8 cm/yr full spreading) in the Early and Middle Jurassic but increased to 1.6 cm/yr in the Late Jurassic. A peak in spreading velocities (3 cm/yr) is proposed to be related to a major plate reorganization between M25 and M22 magnetic anomalies, associated with a decrease in spreading rate to 1.3 cm/yr [Labails et al., 2010] . The aim of this study was not to refine existing plate reconstruction, and in this work we use the reconstruction poles of Seton et al. [2012] and the spreading rates of Labails et al. [2010] . Offsets introduced by the use of different plate reconstruction parameters, especially those which do not including a separate Meseta plate and therefore neglecting the Atlas formation, can introduce offsets no larger than 15 km. This is in good agreement with existing studies of the statistical error of plate kinematic reconstructions [e.g., Hellinger, 1981; Kirkwood et al., 1999; Cande et al., 2000] and does not impact the conclusions drawn in this paper.
The mapping of the extension of the marginal evaporite basins and the character of the magnetic anomalies (ECMA-WACMA) suggest a division of the central Atlantic into two main segments separated by the Kelvin Seamounts and the Canary Islands [Sahabi et al., 2004; Labails et al., 2010] . Each segment shows a secondorder segmentation at a wavelength of 500-600 km:
1. On the northern segment, the margin is characterized by the presence of wide salt basins (Novia Scotia and Meseta basins), double peaks of ECMA and WACMA anomalies. In this segment are located the deep seismic profiles SISMAR-4 and MIRROR-1 on the African side and SMART on the Canadian side. Here the BSMA and the ABSMA are absent. 2. In the southern segment the margin can be divided into two subsegments. The northern one is not associated with any evaporitic basins The ECMA and WACMA here show single peaks and the deep seismic profiles DAKHLA on the African margin and LASE on the American margin are located in this subsegment.
In the southern subsegment, evaporites are identified in the Carolina and Mauritania basins, and the ECMA and WACMA are characterized by double peaks. In the south a double peak opening anomaly suggests the existence of the BSMA and ABSMA. In this region only the American margin has been sampled by wide-angle seismic data (USGS 32 and BA-6) ( Figures 1 and 2 ). BSMA and ABSMA can be identified throughout both subsegments.
Deep Crustal Structure of the Conjugate Margins
In the following chapters, for both conjugate margins, sediment and crustal thickness, as well as the nature of the crust shown, are taken directly from the original interpretations of these profiles by their authors. As these original interpretations of the nature of the crust were based on additional data such as multichannel seismic or gravity data we have not tried to reinterpret these existing studies. All models discussed in this paper are published and cited in the text.
During the SMART cruise in 2001 three wide-angle refraction seismic profiles were acquired across the Nova Scotia margin. The 490 km long refraction seismic SMART-1 line was acquired using 19 ocean bottom seismometers (OBS). It was coincident with two deep reflection seismic line (line 89-1 of Keen and Potter [1995b] and an unpublished line 89-12 from the German Federal Agency of Geosciences and Natural Resources (BGR)). The data were modeled using a 2-D iterative damped least squares traveltime inversion from the RAYINVR software [Zelt and Smith, 1992] . The model is well constrained with a total RMS misfit of 103 ms between calculated and picked travel times. A resolution calculation was performed as well as gravity modeling. The SMART-2 refraction seismic line of 500 km length is profile is coincident with previous deep reflection profiles. The velocity model was developed by forward modeling [Zelt and Smith, 1992] using 21 OBS. The model has a total RMS misfit of 82 ms, and it is additionally constrained by gravity modeling. The southernmost SMART-3 profile was acquired using 20 OBS and is located parallel to an existing reflection seismic line. The data were forward modeled using software from GeoPro (Hamburg). There is no information provided specific to the error analysis for this line or whether gravity modeling or synthetic data calculation was performed.
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The wide-angle seismic lines located along the U.S. Atlantic margin were acquired in the 1980s and 1990s with lower instrument density and quality data as the more modern Canadian and African surveys. The 490 km long LASE Line 6 was modeled based on five expanding spread profiles (ESPs). The line is close to two deep stratigraphic wells and coincides with a seismic reflection line No information is provided specific to the error analysis for this line. During the EDGE Mid-Atlantic seismic experiment in 1990 a 240 km long combined wide-angle and reflection seismic profile has been acquired using 10 OBS. Velocity modeling was performed using the RAYINVR software [Zelt and Smith, 1992] , and RMS misfits were estimated in several sections of the model including the lower crust in the OCT (RMS misfit of 0.13 s) in the lower oceanic crust (RMS misfit of 0.09 s). Synthetic seismograms and gravity models were calculated. Three wide-angle seismic lines were acquired in the Carolina Trough using seven OBS coincident with existing gravity, magnetic, and seismic reflection data. The velocity model was obtained by tau-sum recursion [Diebold and Stoffa, 1981] , and gravity modeling was also performed. Combined wide-angle and reflection seismic BA-6 profile was acquired using nine OBS and modeled using a 2-D traveltime inversion [Zelt and Smith, 1992] including resolution and tests as well as gravity modeling.
The profiles located on the African margin were acquired between 2002 and 2011 by French research vessels using comparable marine instruments from Ifremer, a large volume airgun array, and a 4.5 km digital streamer for the coincident reflection seismic profiles. All data were modeled using the RAYINVR software package [Zelt and Smith, 1992] and additionally constrained by gravity modeling, resolution analysis, and synthetic data calculations. Additional constraints for all three surveys came from margin parallel profiles. During the SISMAR marine seismic survey (2001), deep reflection seismic profiles recorded by ocean bottom seismometers were acquired using 14 ocean bottom seismometers and 14 land stations deployed along a 400 km profile long. The resulting model is well constrained with a total RMS misfit of 0.132 s. In 2011 the 400 km long combined reflection and wide-angle seismic MIRROR profile was acquired using 28 ocean bottom seismometers and 15 land stations. The final model has a total RMS misfit of 0.137 s. The southern Moroccan margin segment was studied during the DAKHLA cruise 2002, along a 750 km long reflection and wide-angle profile, using 33 OBS and 14 land stations. Modeling resulted in a RMS misfit of 0.126 s for this profile.
While the error on the depth of the Moho for a study using sparse ESP profiles might be as large as several kilometers [e.g., LASE Study Group, 1986] , modern profiles have errors between 500 m and 1 km on the deeper layers [e.g., Biari et al., 2015] . The older profiles do include less detailed information about boundary geometry and small lateral velocity changes due to the larger receiver spacing; however, the constraints will be largely sufficient to detect the nature of the crust and the approximate extent of each of the domains imaged along the profile and used in this study. We compiled the acquisition and processing parameters for all lines and propose an estimation of the depth uncertainty on the deeper layers (Table 1) . Of the four profiles discussed in greater detail in the following chapters, the LASE profile dating from the 1980s was the oldest and the MIRROR profile (2011) the most recent data acquisition. As the LASE profile does not constrain unthinned continental crustal thickness, the degree of symmetry or asymmetry of the opening of the southern central Atlantic margin cannot be assessed, but comparison of the OCT and oceanic crustal structure is still relevant to questions regarding the existence of underplate and oceanic crustal structure. In the northern segment the SMART and MIRROR profiles are of comparable resolution, using OBS and land station data and therefore allow detailed analysis of all aspects of conjugate margin pairs. The error inherent in the plate kinematic reconstructions is difficult to estimate; however, comparison of the geometry using different sets of rotation poles indicates that for this region differences are less than 15-20 km.
Northeast American Margin
Along the Nova Scotian margin, the three wide-angle seismic profiles SMART-1, -2, and -3 ( Figure 3 ) were acquired in order to sample the margin at locations where the ECMA is strong, where its amplitude is weak and where it disappears. Accordingly, the objective of the experiment was to image the deep structure of the margin along this transition from volcanic to nonvolcanic rifting style. The northernmost profile, SMART-1, shows no evidence for a magmatic underplate layer beneath the continental crust. Instead, it images a 150 km wide zone of material characterized by velocities between 7.2 km/s and 7.6 km/s, too high to represent either thinned continental or normal oceanic crust. It is interpreted to consist of partially serpentinized upper mantle rocks derived by exhumation along a lithospheric fault during rifting [Funck et al., 2004] .
Between model distances of 200 and 350 km along the SMART-1 profile, a 2 to 3 km thick layer with velocities between 5.3 and 5.4 km/s overlies a layer of 7.2 to 7.6 km/s ( Figure 11 ). Between model distance 230 and 280 km, the upper layer is interpreted to be either very thin continental crust or exhumed upper mantle serpentinized by the seawater (model distance 270-350 km). The latter possibility is in better agreement with the hypothesis that the ECMA located west of this region marks the end of continental breakup. In both cases the lower layer is composed of mantle material serpentinized to a degree of 10-25% [Funck et al., 2004] . Between model distances 270 and 350 km, a layer of 2-3 km thickness and P wave velocities of 5.1-5.2 km/s overlies the layer proposed to be serpentinized peridotite, already identified between 270 and 350 km model distance. The upper layer here is proposed to represent exhumed mantle peridotite with a degree of serpentinization of 85 to 100%.
These interpretations are based on the existence of thin oceanic crust next to this region and the absence of SDRs. This argues in favor of a magma-poor system and therefore does not support an interpretation in which the 7.2-7.6 km/s layer represents a magmatic underplate. Also, rifting probably started at 230 Ma [Welsink et al., 1989] and seafloor spreading either at 175 Ma [Klitgord and Schouten, 1986] or at 195 Ma [Sahabi et al., 2004] . Hence, according to the melt generation model of Bown and White [1994] , the long duration of rifting is sufficient to cool the asthenospheric mantle and inhibit melt production. The fact that the basement has a very different character in this zone seems to rule out the possibility of thin oceanic crust overlying serpentinized upper mantle material here. Seaward of this region, an oceanic crust of only 3-4 km thickness was imaged.
SMART-2 is located 250 km south of the SMART-1 profile. The model of Wu et al. [2006] shows relatively high lower crustal velocities of up to 7.4 km/s in an up to 2 km thick layer in a zone extending 90 km seaward of the interpreted continent ocean boundary. This layer is interpreted as a mixture of serpentinized mantle and gabbroic layer 3. The continent-ocean transition zone is underlain by material with seismic velocities between 7.6 and 7.9 km/s, probably representing partially serpentinized mantle material. Serpentinization in this case likely resulted from water intruding the mantle through thin crust [Wu et al., 2006] . No volcanic underplate was imaged along the profile suggesting a primarily magma-poor rifting across the central Nova Scotia margin. However, it cannot be ruled out that this might be the extremity edge of a magmatic underplate coming from the south. In contrast, the southernmost line (SMART-3) images a 100 km wide region of thin crust underlain by a 5 to 10 km thick body interpreted to be magmatic underplate neighboring normal oceanic crust of 7 km thickness [Louden et al., 2010] with a smooth basement [Keen and Potter, 1995b] .
The U.S. continental margin has been imaged from the north to the south by the LASE, EDGE, USGS-32, and BA-6 profiles, although unfortunately, none of these profiles extend out to the BSMA (Figures 1 and 4) [LASE Study Group, 1986; Tréhu et al., 1989; Holbrook et al., 1994a Holbrook et al., , 1994b Sheridan et al., 1993] . The northernmost profile, LASE, images an up to 10 km thick carbonate bank overlying synrift sediments underlain by a crust of 7 to 10 km thickness characterized by velocities up to 7.5 km/s and therefore higher than those found in normal oceanic or continental crust [LASE Study Group, 1986] . The LASE study group proposed this crust to be of oceanic origin, heavily intruded and with a thick layer of underplated material at the base of the crust. The oceanic crust along this profile is between 8 and 10 km thick. Farther south, a 100 km wide body interpreted as magmatic underplate and a thick layer of SDRs, probably of volcanic origin, were modeled along the EDGE-801 profile [Sheridan et al., 1993; Holbrook et al., 1994a] . Similarly, a thick layer of underplate and SDRs were imaged along line USGS-32 [Tréhu et al., 1989] . Although its size and extent are Figure 3 . (a) Location of the wide-angle seismic profiles acquired during the SMART project on the regional bathymetry and topography map [Maruyama et al., 1999; Ryan et al., 2009] . (b) Crustal structure modified from the SMART-1 profile [Funck et al., 2004] , (c) SMART-2 [Wu et al., 2006] , and (d) SMART-3 [Louden et al., 2010] . PSM = partially serpentinized mantle, HSM = highly serpentinized mantle HVLC = high-velocity lower crust, and FB = fault blocks. Numbers represent seismic layer velocities (km/s). Graphs located underneath the profiles represent 1-D velocity-depth profiles extracted from the original velocity models below the top of the basement (vz profiles) from the domain underneath which they are situated. Red lines represents mean vz profiles, the blue shaded area bounds a compilation of velocity profiles of typical Atlantic oceanic crust [White et al., 1992] , and bold gray profiles correspond to mean velocity profiles of thinned continental crust [Christensen and Mooney, 1995] .
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poorly constrained, Tréhu et al. [1989] propose that this part of the margin is magma rich in character. However, White and McKenzie [1989] suggest an alternative model in which the magmatic underplating was emplaced after rifting by the Cape Verde hot spot. Farther to the south along profile BA-6, as well as farther north along EDGE-801, the thickness of the underplated layer is similar to that observed along the Figure 4 . (a) Location of the wide-angle seismic profiles acquired along the U.S. continental margin on the regional bathymetry and topography map [Maruyama et al., 1999; Ryan et al., 2009] . Crustal structure modified after (b) LASE profile [LASE Study Group, 1986] , (c) EDGE-801 [Holbrook et al., 1994a] , (d) USGS-32 [Tréhu et al., 1989] , and (e) Ba-6 [Austin et al., 1990; Holbrook et al., 1994b] . Numbers represent seismic layer velocities (km/s). (For comparisons see also Sahabi et al. [2004] and Labails [2007] ). Graphs located underneath the profiles represent 1-D vz profiles extracted from the original velocity models below the top of the basement from the domain underneath which they are situated. Red lines represent the mean vz profiles, the blue shaded area bounds a compilation of velocity profiles for typical Atlantic oceanic crust [White et al., 1992] , and the bold gray profiles correspond to mean velocity profiles for thinned continental crust [Christensen and Mooney, 1995] .
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USGS-32, thus indicating that its origin is related to rifting rather than to the proximity of a hot spot [Austin et al., 1990; Holbrook and Kelemen, 1993] . Along all profiles, oceanic crust of normal thickness for Atlantic-type oceanic crust as defined by White et al. [1992] is first observed seaward of the ECMA. The thickness of the unthinned continental crust remains poorly constrained due to the lack of seismic stations on land, except on the EDGE-801 profile where the unthinned crust is between 37 and 40 km thick (Figure 4b ).
Northwest African Margin (SISMAR, MIRROR, and DAKHLA)
The NW African margin has been the target of four combined wide-angle and reflection seismic surveys. In the north, the deep structure of the margin is imaged along the SISMAR-04 profile. Here the WACMA deviates from the coast and forms a 150 km wide basin that is thought to be underlain by thinned continental crust (Figures 1 and 2 ) [Contrucci et al., 2004b] . However, plate kinematic reconstructions show that this profile, located in the North African salt basin, is not exactly conjugate to the SMART-1 profile on the Canadian margin (Figure 2 ). Oceanic crust imaged oceanward of the WACMA is about 7 km thick, comparable to "normal" Atlantic oceanic crust [White et al., 1992] (Figure 5 ). Farther south and conjugate to the SMART-1 line, the MIRROR-1 wide-angle seismic profiles image a 37 km thick continental crust thinning to about 8 km over a 150 km wide region ( Figure 5c ). Neighboring oceanic crust seaward of the WACMA is 8 km thick, and thus about 1 km thicker than normal, and characterized by elevated velocities at the base (7.2-7.4 km/s) [Biari et al., 2015] . Earlier work from the Conrad cruise imaged crust with a similar thickness and elevated velocities in this part of the margin, up to the position of the M25 magnetic anomaly [Holik et al., 1991] . Holik et al. [1991] propose that the proximity of the Canary hot spot at 60 Ma caused thickening of the crust in this region by magmatic underplating and an increase of the seismic velocities in the lower crust by intrusions. However, an alternative hypothesis is that both might be related to slow accretion at the onset of seafloor spreading, which then accelerated at the time of M25 [Biari et al., 2015] . The southernmost data set includes the DAKHLA profiles "Nord" and "Sud," imaging a thinner continental crust (~27 km) and a more narrow ocean-continent transition zone (Figure 5d ) . Seaward of the WACMA, the lower oceanic crustal layer is characterized by high seismic velocities similar to those observed along the MIRROR profiles. As in the CONRAD data set [Holik et al., 1991] , velocities in the lower crust change to values normal for oceanic crust (6.60-6.90 km/s) at the time of the M25 magnetic anomaly, therefore corroborating the theory that high velocities might be related to the changes in spreading velocity and the major plate reorganization that took place at the time of the M25 magnetic anomaly.
The fact that the continental crust is thinner along the DAKHLA profiles than in the north of the African continent might be due to depth-dependent stretching and the presence of the Precambrian Reguibat Ridge in this region . None of the three surveys detected a layer of underplate at the ocean-continent transition zone. Volcanic products in this region are scarce, with some weakly expressed SDRs identified in multichannel seismic (MCS) data sections [Roeser et al., 2002] . Volcanic products observed here such as dikes, sills, and small seamounts can be related to the presence of the Canary hot spot.
Since the 1980s the understanding of rifting processes, the genesis of the central Atlantic passive margins, and the formation of the ocean basin have been largely studied based on seismic data acquired along one segment of the margins without regard to their conjugate and to the kinematic reconstruction. Combining refraction results of different seismic cruises acquired along conjugate margins and placing them in detailed kinematic paleoreconstructions in order to compare the exact conjugate profiles, the geometry of the margins at the time of their formation was restored.
All of the above mentioned seismic profiles were acquired using ocean bottom seismometers or expanding spread profiles, and most were additionally imaged by reflection seismic profiles and constrained by gravity modeling. However, the dates of acquisition span from the 1980s for the LASE, USGS-32, and EDGE profiles up to 2011 for the MIRROR profiles. Data for the SMART, SISMAR, and DAKHLA profiles were acquired in 2001, 2002, and 2003, respectively. Generally, data quality has increased with time and with reduced instrument spacing, helping improve the model resolution, as more instruments are available today. While only five 30-40 km spaced expanding spread profiles constrain the crustal structure along the LASE profile, the seafloor instrument spacing was between 10 and 20 km for the SMART, DAKHLA, and SISMAR data and minimal 7 km for the MIRROR cruise. 
Discussion
Two pairs of conjugate deep seismic lines in the central Atlantic can be compared to better understand the mechanisms of crustal thinning, initial breakup and the start of oceanic accretion. These pairs are the Figure 5 . (a) Location of the wide-angle seismic profiles acquired along the Northwest-African margin on the regional bathymetry and topography map [Maruyama et al., 1999; Ryan et al., 2009] . Crustal structure modified after (b) SISMAR-4 [Contrucci et al., 2004b] , (c) MIRROR-1 [Biari et al., 2015] , and (d) DAKHLA Nord profiles . HVOC = high-velocity oceanic crust, CUC = crust of unknown composition, and NOC = normal oceanic crust. Numbers represent seismic layer velocities in km/s. Graphs located underneath the profiles represent 1-D vz profiles extracted from the original velocity models below the top of the basement, from the domain where they are situated. Red lines represent mean vz profiles, the blue shaded area bounds a compilation of velocity profiles of typical Atlantic oceanic crust [White et al., 1992] , and bold dark gray profiles correspond to mean velocity profiles for thinned continental crust [Christensen and Mooney, 1995] .
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SMART-1-MIRROR-1 profiles in the northern and the LASE-DAKHLA-Nord profiles in the southern central Atlantic. The northern profiles are located in a zone of little to no volcanism during break-up, and salt basins are imaged as well as the presence of only the WACMA and ECMA anomalies. The southern profiles are located in the zone in which strong volcanic influence is observed along the American margin, no salt basins were imaged, and two additional magnetic anomalies, the BSMA and the ABSMA, are present. These differences seem to indicate that rifting styles were different between the two conjugate margin pairs. As the LASE profile is modeled from six expanding spread profiles only and does not include the thickness of unthinned continental crust, constraints are weaker in the south; nevertheless, some conclusions can also be drawn for the southern region.
Southern Central Atlantic: DAKHLA and LASE Profiles
The southern conjugate pair consists of the 750 km long DAKHLA Nord profile reaching about 150 km seaward of M25 and the 450 km long LASE profile, which extends up to about 30 km from the BSMA and was acquired without extension by land stations (Figure 6 ). Data quality differs between both profiles. On the African side 28 marine and 11 terrestrial seismic stations were used to image the margin from unthinned continental crust up to true oceanic crust, whereas the deeper structures on the American side were modeled based on six large aperture marine profiles running parallel to the margin ( Figure 6 ) with limited constraints on the structure of unthinned continental crust and the landward extent of the underplate layer.
Geometry of the Continental Domains
A comparison of both profiles shows that the sedimentary thickness is up to 10 km higher on the American side ( Figure 7 ). This probably results from climatic differences after separation of the continents leading to a higher sedimentation rate at the American continental margin. A carbonate bank was imaged along both profiles; however, it is thinner on the African side than on the American side. Carbonates develop in shallow water and grow with increasing subsidence of the margin. Along the LASE profile, the carbonate bank is emplaced on a prerift or synrift layer of SDRs expression of the magmatism during breakup. On the conjugate margin, no SDRs were identified along the DAKHLA profile, probably partly explaining the lower amplitude of the WACMA in this region compared to the ECMA. Along the DAKHLA profile the WACMA is located in the region of thinned continental crust, which is proposed to be intruded by volcanic products such as dikes and sills leading to elevated velocities (7.2-7.3 km/s) . In contrast, along the LASE profile, the ECMA is located on heavily intruded crust of oceanic origin (Figure 7 ). The unthinned continental crustal thickness is not constrained along the LASE profile, so no direct comparison to the DAKHLA profile can be made, but unthinned continental crust imaged along the remaining U.S. margin shows a thickness of 32-34 km (Figure 8 ). The fact that the crustal thickness is lower along the DAKHLA profiles than those to the north and on the conjugate margin can be explained by the presence of the Reguibat Ridge Labails and Olivet [2009] ; Benabdellouahed et al., 2016] . The Precambrian Reguibat Shield is proposed to have remained stable during the Hercynian orogeny and the central Atlantic opening, which led to the formation of the Tarfaya-Laayoune and Mauritanian-Senegal basins. The DAKHLA profile is located between these two basins, and thus, the crustal thickness is not a direct result of rifting only. Similarity in the Mauritanian Basin, a 30 km thick continental crust was imaged by seismic reflection profiles in the Mauritanian Basin [Weigel et al., 1982] .
Oceanic Accretion and Underplating
The seismic velocities in the ocean-continent transition zone are higher on the American side than on the African margin (Figure 8 ). The higher velocities are probably related to the presence of intrusions and volcanic products along the U.S. margin. Based on the wide-angle seismic profiles, one main difference between the two margins in the southern central Atlantic is the presence of thick layers of underplate and SDRs, both associated to synrift volcanism on the American margin. No SDRs and no underplate were imaged on the conjugate African margin [Labails and Olivet, 2009, Klingelhoefer et al., 2009] . It has been proposed that these volcanic products form part of the CAMP (central Atlantic magmatic province), which spans four continents and is of Triassic-Jurassic age, associated to opening of the central Atlantic [Marzoli et al., 1999; Jourdan et al., 2009; Blackburn et al., 2013] . However, SDRs were also identified on deep reflection seismic data offshore the Blake Plateau, and there are situated on top of the CAMP flood basalts and therefore of a younger age Colored lines represent mean vz profiles, the gray area bounds a compilation of vz profiles for typical Atlantic oceanic crust [White et al., 1992] , and the bold black lines correspond to mean vz profiles for thinned continental crust [Christensen and Mooney, 1995] .
Tectonics 10.1002/2017TC004596 [Oh et al., 1995] . On land the volcanic products are distributed equally along the American and the African margin. The asymmetry of this volcanism in the offshore can be explained by two different hypotheses: (a) an asymmetry in a second phase of continental breakup leading to updaming of hot mantle material preferably along the American margin and (b) a jump of the rift axis along the southern central Atlantic margin. The fact that a magnetic anomaly (ABSMA) conjugate to the BSMA has been identified along the African margin seems to rule out the second hypothesis [Labails et al., 2010] . Analogue to the fact that the WACMA is of lower amplitude than the ECMA, the ABSMA is of much weaker amplitude than the BSMA. This fact additionally favors the hypothesis that hot mantle was rising up mainly underneath the American margin. One possible explanation would be that this asymmetry is related to the presence of the Caledonian arc on the American margin [Müntener and Manatschal, 2006] . The first oceanic crust on both margins margin is about 10 km thick and characterized by elevated velocities (>7.4 km/s), probably due to the volcanic activity during opening. On the African margin oceanic crust accreted after the M25 magnetic anomaly is thinner around 6 km, but oceanic crust younger than the M25 anomaly was not sampled on the American side, so no comparison is possible (Figure 9 ).
Opening History of the Southern Central Atlantic
On the basis of this study, we propose that the southern central Atlantic opened symmetrically. The originally thicker African continental crust was thinned by the formation of the Tarfaya-Laayoune and Mauritanian-Senegal basins, probably during the Carnian [Le Roy and Piqué, 2001] . While crust on the African side was probably intruded by a moderate amount of volcanic material, the American margin experienced strong magmatic activity, with thick SDR sequences deposited on the margin and a several kilometers thick ultramafic layer underplated underneath the crust. Protooceanic crust was probably slightly thickened by the volcanic activity during opening of the ocean basin.
Northern Central Atlantic: MIRROR-SMART Profiles
In this segment the deep crustal structure is constrained by the SMART-1 and MIRROR-1 conjugate profiles. Interpretations can be extended using the CONRAD data set on the Moroccan margin [Holik et al., 1991] and the SMART-2 and OETR lines along the Canadian margin [Wu et al., 2006; Luheshi et al., 2012] ( Figure 10 ).
Geometry of the Continental Crust
The plate kinematic reconstruction at 185 Ma with a slightly open fit confirms that the SMART-1 profile is conjugate to the MIRROR-1 profile, with only a minor offset from a difference in strike angle (Figure 2 ). The crustal geometry of unthinned continental crust along both profiles is comparable and includes three distinct layers. Crustal thickness at the continent is 37 km on both margins, and the width of the necking zone is~170 km on the Canadian side compared to 150 km on the African side. Several tilted blocks can be identified at the The crustal structure and the geometry of the zone of crustal thinning are similar along both margins, with a width of 120-130 km and a two layered crust. The ratio of upper to lower crustal thickness to unthinned continental crust is similar indicating a symmetric rifting mode, rather than rifting along a lithospheric shear fault. Older work proposing asymmetric rifting of the margin considered the SISMAR-4 profile as conjugate part [e. g., Sibuet et al., 2012; Maillard et al., 2006; Tari and Molnar, 2005] . The SISMAR-4 profile is located in the northern Moroccan salt basin at the intersection of the Atlantic margin with the northern Moroccan margin, which opened in a geodynamic setting differing from the Atlantic passive margin, by highly oblique rifting between the Iberian and African plates [Frizon de Lamotte et al., 2011; Sallarès et al., 2011] . 
Oceanic Accretion and Mantle Exhumation
The existence of a region of serpentinized upper mantle material on the Canadian margin which has no counterpart along the Moroccan margin is one of the major differences between the two margins. In plate kinematic reconstructions, this region of serpentinized upper mantle material located oceanward of the ECMA was created at the same time as a zone of a 7-8 km thick crust with velocities as high as 7.25 km/s located seaward of WACMA (Figure 13b ). The thickness is above the average of 7.1 km and the velocities slightly higher than in normal Atlantic crust [White et al., 1992] . Biari et al. [2015] interpret this crust either as oceanic crust with some small pockets of serpentinite included into the lower crust at an early accretionary center [Biari et al., 2015] or as thin oceanic crust thickened after accretion by the volcanic underplate between 60 Ma and 30 Ma associated with the Canary hot spot [Holik et al., 1991] . Comparison of vz profiles in the continental, OCT, and oceanic domains between the SMART profiles, SISMAR, and MIRROR profiles. Colored lines represent mean vz profiles, the gray shaded area bounds a compilation of vz profiles for typical Atlantic oceanic crust [White et al., 1992] , and the bold black profiles correspond to mean vz profiles for thinned continental crust [Christensen and Mooney, 1995] . Results from recent studies of slow and ultraslow spreading ridges allow us to reconcile observations of the thickness and lithology of crust bordering the opening anomalies oceanward along the conjugate profiles [Whitmarsh et al., 2001; Cannat et al., 2006] . Based on bathymetric data and dredging along the ultraslow spreading Southwest Indian Ridge (full spreading rate~14 mm/yr), it was shown that mantle derived rocks can be continuously exhumed for at least 11 Ma [Cannat et al., 2006; Sauter et al., 2013; Smith, 2013] . Dredges from these regions show a high percentage of serpentinite and lack the hummocky morphology which is characteristic for magmatic oceanic crust. These mantle-derived serpentinites form broad patches of smooth seafloor, several tens of kilometers across, characteristic for amagmatic spreading with a high percentage of serpentinite incorporated into the crust. At spreading rates up to 40 mm/yr, new crust can be accreted in an asymmetrical manner. Volcanic flows are emplaced on one side of the ridge axis, while the existing oceanic lithosphere is cut by a detachment fault and mantle material is exhumed on the opposite flank [Smith, 2013; Sauter et al., 2013] . Smooth seafloor forms at portions of the ridge where volcanism is scarce to absent [Cannat et al., 2006; Sauter et al., 2013] . This type of accretion might be analogous to the processes that led to the formation of crust imaged along the oceancontinent transition zone of magma-poor continental margins [Whitmarsh et al., 2001; Cannat et al., 2006] . According to this hypothesis, serpentinite ridges imaged in the ocean-continent transition zone in West Iberia were proposed to correspond to oceanic core complexes created during initial amagmatic seafloor spreading [Dean et al., 2015] . Also, oceanic crust accreted at very slow spreading rates might be asymmetric with igneous crust generated in one direction and predominantly amagmatic crust in the opposite direction [Cannat et al., 2006] (Figure 14) .
In the light of this new work, we propose that the region of mainly serpentinized upper mantle on the Canadian margin and the initial oceanic crust at the Moroccan margin are conjugates and resulted from asymmetric spreading creating seafloor by faulting the existing lithosphere on the Canadian side and magmatic oceanic crust including pockets of serpentinite on the Moroccan margin.
Recent investigations on the slow spreading Mid-Atlantic ridge lead to the proposition that periods of low melt production and production of amagmatic oceanic crust are interspersed with phases of production of magmatic crust and that periods of low melt production resulting directly from depleted mantle might trigger the transition from magmatic to amagmatic spreading [Wilson et al., 2013] . Serpentinized mantle peridotites drilled along the Newfoundland margin drilled during Ocean Drilling Program Leg 210 show a highly Figure 14 . Lithosphere-scale sketches of the axial region for three proposed modes of magma-poor ultraslow spreading, shown in order of decreasing melt supply. Modes A (volcanic-volcanic) and B (corrugated-volcanic) also develop at faster spreading sections of the Mid-Atlantic Ridge and in more magmatically robust regions of ultraslow ridges. Mode C (smooth-smooth or smooth-volcanic), with little to no axial volcanism, appears specific to magma-poor ultraslow ridges [after Cannat et al., 2006; Dean et al., 2015] .
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depleted composition, corresponding to 14 to 20-25% melting [Müntener and Manatschal, 2006] . The authors therefore proposed that they may represent inherited (e.g., Caledonian) subarc mantle that was exhumed close to the ocean floor during the rifting evolution of the Atlantic. The peridotites from the conjugate Iberian margin are less depleted which can either be explained by a different inherited composition or refertilizing by local melt impregnation of previously depleted, arc-related peridotite [Müntener and Manatschal, 2006] . An alternative explanation is a subcontinental origin of this part of the upper mantle [Chazot et al., 2005] . We propose that the inherited state of depletion of the mantle from its position under the Caledonian volcanic arc might have suppressed the formation of magmatic oceanic crust during the early opening of the Atlantic.
The slightly elevated crustal thickness along the African margin can then further be explained by the presence of the Canary hot spot between 60 Ma and 30 Ma in the study region. A 200 km wide basement high has been identified and mapped in this region based on analysis of MCS data and sonobuoy recordings [Holik et al., 1991] (Figure 15 ). It is associated with volcanic products in the sedimentary column and with a region of high lower crustal velocities and slightly (1-2 km) thickened crust [Holik et al., 1991] . Comparison of the shape of the basement high with the track of the Canary hot spot led to the proposition that the volcanism was linked to the presence of the Canary hot spot in this region, which created magmatic layers and modified the crust by intrusions and volcanic underplate [Holik et al., 1991] . An alternative interpretation is that it corresponds to a region of anomalously high lower crustal velocities imaged between the WACMA and magnetic anomaly M25 along the entire margin Biari et al., 2015] . At M25 times, seafloor spreading rates changed and a more typical but thin oceanic crust was produced. 5.2.3. Thin Crust Accreted After Anomaly M25 On the SMART-1 profile, anomalously thin oceanic crust characterized by seismic velocities between 5 km/s and 6.5 km/s is identified oceanward of 350 km model distance (Figure 3a) . This is proposed to result from very slow spreading at the onset of seafloor accretion [Funck et al., 2004] . The plate kinematic reconstruction for M25 shows that all oceanic crust along the MIRROR-1 profile had already been produced and that the thin oceanic crust observed along the Canadian margin dates after M25 (Figure 11 ). Oceanic crust corresponding to the same age as that imaged at the SMART-1 profile, however, is constrained by sonobuoy data from the CONRAD survey. Indeed, oceanic crust imaged in the prolongation of the MIRROR-1 profile along profile Figure 15 . Lower crustal thickness in the southern segment from sonobuoy and ocean bottom seismometer (OBS) deployments [Holik et al., 1991; Biari et al., 2015] . Background contoured bathymetry from satellite altimetry [Smith and Sandwell, 1997] . Positions of sonobuoys are marked by inverted triangles [Holik et al., 1991] and OBS [Biari et al., 2015] by black circles. Blue lines mark the position of multichannel seismic (MCS) profiles, the red dashed line marks the extent of the basement bulge from Holik et al. [1991] , and red dots show the reconstructed position of the Canary hot spot over time [Carracedo et al., 1998 ].
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CONRAD-377 thin from 8 km to 5 km in thickness with a decrease of lower crustal velocities from 7.32 km/s to 6.82 km/s. These values are closer to those modeled along the SMART-1 profile and nearly identical to those modeled along SMART-2.
Conclusions
Comparison of deep sounding seismic profiles from one of the oldest passive conjugate continental margin pairs in the world offers insight into the mechanism of rifting, breakup, and initial seafloor spreading. The opening of an ocean basin can be influenced by local processes, such as late crustal thinning (as imaged along the continental part of the DAKHLA profile) as well as thickening (as imaged due to the Canary Hot spot along the Mirror profile).
Therefore, each conjugate margin pair can only be discussed in the context of its geological history. Crustal thinning and beta-factor calculations can therefore only to be used with caution and after evaluation of the later processes eventually modifying the margin structure.
In the southern central Atlantic, the U.S. continental margin is characterized by thick layers of volcanic underplate and SDR sequences, which are thinner and more rare on the African side, where they seem to be mostly related to the presence of the Canary hot spot. Rifting was symmetric, and the thinner continental crustal thickness imaged by the African profiles is probably due to the formation of the Tarfaya-Laayoune basin during the Carnian. Initial oceanic crust is slightly thicker than normal Atlantic oceanic crust and characterized by elevated seismic velocities, probably due to the volcanism at rifting. Oceanic crust younger than the M25 anomaly is normal thickness along the African side.
In the north, crustal geometry of the unthinned continental crust and the necking zone is nearly symmetric and does affect upper and lower crustal layers in a similar manner along both margins. A region including seismic velocities too high to be explained by either continental or oceanic crust is observed on the Canadian side, whereas on the African side an oceanic crust with slightly elevated velocities is imaged. Plate kinematic reconstructions indicate that these zones were created at the same time, and we propose that they result from asymmetric spreading creating amagmatic crust on the Canadian side and magmatic oceanic crust including pockets of serpentinite on the Moroccan margin. Oceanic crust in the study area might have been modified and thickened by the presence of the Canary hot spot between 60 and 30 Ma. In the north as well as in the south, oceanic crust oceanward of the WACMA anomaly and up to the M25 isochron is characterized by high velocities in the lower crust, probably related to serpentinites included into the crust during very slow seafloor spreading. After isochron M25, a widespread plate reorganization led to an increase in spreading velocity and the production of thin magmatic crust on both sides of the spreading center, however, with the African margin accreting a 1-2 km thicker crust.
